T he purpose of this review is to provide information about the role of exercise in the prevention of insulin resistance. In particular, the review focuses on the association of insulin resistance with the storage of lipids in skeletal muscle cells and discusses the abilities of aerobic exercise to decrease the amounts of these lipid products and increase the lipid oxidative capacity of muscle cells. Additionally, the short-term effects of aerobic exercise that are important to blood glucose control-such as increased glucose uptake by muscle during exercise and the increased ability of insulin to promote the storage of glucose in muscle after exercise-are discussed. Finally, information about the possible role of resistance exercise in preventing insulin resistance is presented. The information provided is intended to help clinicians understand and explain the roles of exercise in reducing insulin resistance.
Diabetes mellitus is essentially the abnormal regulation of blood glucose concentrations. Elevated fasting blood glucose levels or extreme or prolonged increases in blood glucose levels during an oral glucose tolerance test (for which blood glucose concentrations are assayed before and periodically after a fasting individual drinks a beverage containing 75 g of glucose) lead to a diagnosis of diabetes. It is clear, then, that the control of blood glucose concentrations is the key to the prevention of diabetes.
Insulin robustly stimulates the transport of glucose out of the bloodstream and into tissues, such as skeletal muscle, that express glucose transporter 4 (GLUT4), the insulinregulated glucose transporter. Because of the high responsiveness of skeletal muscle to insulin and the large overall mass of skeletal muscle, most glucose that is cleared from the blood in response to insulin in humans is stored as glycogen in skeletal muscle. 1,2 When insulin-stimulated glucose transport into skeletal muscle is diminished-as it is in people with diabetes 3 -the result is an inability to keep blood glucose concentrations within normal ranges. Thus, skeletal muscle plays a primary role in the maintenance of normal blood glucose concentrations.
For a full understanding of the effects of exercise on insulin sensitivity, it is important to take into account the regulation of skeletal muscle fatty acid (FA) metabolism. Thus, the approach of this review is to discuss the regulation of FA metabolism in skeletal muscle and to use this information as a foundation to explore what is known about the ability of exercise to promote blood glucose clearance. (Also see the corresponding perspective article by Stehno-Bittel 4 in this issue.)
Fatty Acid Metabolism and Insulin Resistance
Insulin resistance is frequently present in obesity and during the development of type 2 diabetes mellitus (T2DM) and is generally defined as a reduction in the ability of the body to clear a glucose load from the circulation in response to insulin. Because skeletal muscle is the most important tissue for insulin-stimulated glucose disposal, muscle insulin resistance is commonly viewed as the critical component of whole-body insulin resistance. In skeletal muscle, insulin resistance has been linked to lipid accumulation and, consequently, to defects in FA metabolism, which may include alterations in muscle FA uptake, triacylglycerol (TG) synthesis, TG breakdown (lipolysis), FA oxidation, or any combination of these. [5] [6] [7] [8] [9] Here we summarize recently published data suggesting that alterations in the regulation of FA uptake and oxidation in skeletal muscle may contribute significantly to the development of T2DM. Although data have shown that alterations in liver and adipose tissue lipid metabolism are also involved in the development of insulin resistance and T2DM, here we focus solely on skeletal muscle FA uptake and oxidation. We also present evidence showing how exercise and regular physical activity can affect muscle FA metabolism and delay or prevent the development of insulin resistance. (Also see the article by Chen et al 10 in this issue.)
Lipid Metabolism, Accumulation of Lipid Intermediates, and Insulin Resistance in Skeletal Muscle
Studies have shown that insulin resistance is associated with alterations in lipid metabolism. This process usually is manifested as elevated levels of circulating FAs and TGs and increased intracellular accumulation of lipid intermediates, such as TGs, diacylglycerols (DGs), ceramides, and long-chain FA coenzyme A (LCCoA). 11 The accumulation of these lipid intermediates, which is commonly seen for long-chain saturated FA species (such as palmitic, stearic, and arachidic esters) rather than for long-chain unsaturated FA species, in turn, has been linked to defects in the insulin signaling cascade. 12,13 Ultimately, these changes in cellular signaling have been linked to a decrease in insulin-stimulated glucose uptake and metabolism, that is, insulin resistance. 14 Thus, if the chain of events initiated by an accumulation of lipid intermediates is responsible for the development of insulin resistance in muscle, then the cellular mechanisms that lead to alterations in intracellular lipid accumulation need to be understood. tion has been shown to be dependent on fiber type expression. However, what has become more evident in recent years is that the accumulation of intracellular lipid intermediates other than TGs may be more harmful to the normal functioning of muscle cells. Indeed, the accumulation of LC-CoA, DGs, and ceramides has been shown to have a negative effect on insulin signaling in muscle. 11, 15, 16 Insulin induces its effects in skeletal muscle by first binding to its receptor sites on the extracellular side of the plasma membrane. This binding initiates a series of phosphorylation reactions that lead to the phosphorylation of several signaling intermediates on tyrosine residues, including the critical insulin receptor substrate proteins (such as IRS1 and IRS2). 17, 18 This process is followed by the activation of phosphatidylinositol 3-kinase and of other downstream intermediates, including 3-phosphoinositide-dependent protein kinase 1, atypical protein kinase C-, atypical protein kinase C-, and protein kinase B (Akt). In healthy insulin-sensitive skeletal muscle, the activation of these insulin-mediated signaling intermediates ultimately leads to an increase in glucose transport through the translocation of GLUT4 from intracellular vesicles to the plasma membrane and glycogen synthesis through the activation of glycogen synthase 19 (Fig. 1) . Recent studies 5-7 have shown that the accumulation of LCCoA, DGs, ceramides, or any combination of these negatively affects the activation of the insulin signaling cascades described above. This inhibitory action then leads to a reduction in insulin-stimulated glucose uptake and disposal into the muscle, and insulin resistance develops. 14, 20 Ultimately, the important question is, "What are the cellular mechanisms that lead to the initial accumulation of intracellular lipid intermediates?" These mechanisms have not been completely elucidated, but data have shown that lipid accumulation may be predominantly attributable to lower rates of FA oxidation, higher rates of FA uptake, or both in insulin-resistant skeletal muscle. If this hypothesis is correct, then a mismatch between high rates of FA uptake and low rates of FA oxidation could easily result in an accumulation of lipid intermediates (Fig. 2) .
Increase in Fatty Acid Uptake Into Muscle Cells
As mentioned above, high rates of FA uptake into muscle cells may be an important cellular mechanism leading to intracellular lipid accumulation. In insulin-resistant skeletal muscle of animals with obesity, T2DM, or both, the rates of FA uptake in oxidative or mixed muscle are markedly increased. [21] [22] [23] [24] Because higher rates of FA uptake have been measured at an early age, before T2DM is evident, in rats genetically predisposed to develop T2DM, this finding suggests that defects inherent in muscle tissue are present. 21 In line with data obtained from animal studies, rates of FA uptake have been shown to be markedly higher in mixed muscle of people with insulin resistance and to be correlated with the associated increase in intracellular lipid accumulation. 9 However, high correlations provide no insight into the cellular mechanisms that may be responsible for higher rates of FA uptake in insulin-resistant musInsulin Signaling G l u c o s e T r a n s p o r t G l y c o g e n S y n t h a s e A c t i v i t y Glycogen Accumulation Insulin stimulates glucose transport and glycogen synthesis in skeletal muscle. Insulin stimulates the activation of a signaling cascade in skeletal muscle, which includes some of the proteins mentioned in the text. Insulin stimulates increased glucose uptake by skeletal muscle and activates glycogen synthase, the rate-limiting enzyme for the production of glycogen from intracellular glucose. Together, these actions of insulin contribute to increased glycogen accumulation. There is a growing body of evidence that the accumulation of lipid intermediates (such as diacylglycerols, ceramides, and long-chain fatty acyl coenzyme A molecules) attenuates the insulin signal, leading to glucose transport.
cle. (Also see the articles in this issue  by Hilton et al 25 and Marcus et al 26  describing fat infiltration into the  muscle of people with diabetes  mellitus.) Fatty acid uptake is determined, in part, by plasma FA concentrations. When experimental conditions are kept constant, higher FA concentrations are associated with higher rates of FA uptake. 27 The fact that plasma FA concentrations and thus availability tend to be higher in people who are obese and have insulin resistance, T2DM, or both, may partially explain the higher rates of FA uptake in insulin-resistant muscle. However, given similar FA delivery and availability, rates of FA uptake have been shown to be higher in insulinresistant mixed muscle. 23, 24 Thus, even though reduced FA availability has been shown in some studies to improve insulin sensitivity in people with obesity or T2DM, 28,29 it also is clear that factors intrinsic to skeletal muscle affect lipid accumulation.
Over the past decade, evidence has emerged to show that FA flux across the plasma membrane of cells occurs through a highly regulated, proteinmediated process that involves one or several FA transporter proteins 30, 31 and that FA uptake capacity may be inherently high in insulinresistant muscle. [21] [22] [23] [24] In human and animal muscle, FABP PM and CD36 are among several key proteins that have been identified as FA transporter proteins. [32] [33] [34] Under physiological conditions that are known to increase rates of FA uptake (such as insulin stimulation, exercise, or leptin stimulation), FABP PM and CD36 have been shown to translocate to the plasma membrane. [35] [36] [37] Furthermore, the overexpression of skeletal muscle FABP PM or CD36 has been shown to enhance FA uptake in muscle, whereas a null mutation in skeletal muscle CD36 has been associated with decreased rates of FA uptake. 38 -40 These results suggest that defects leading to stimulation of the protein-mediated uptake system may cause higher rates of FA uptake and lead to the accumulation of lipid intermediates. In line with this notion, data have shown that high rates of FA uptake in people with insulin resistance are associated with an increased total protein content of FABP PM and with a permanent relocation of CD36 to the plasma membrane. 9 Thus, a higher plasma membrane content of FABP PM , CD36, or both may provide a cellular mechanism through which rates of FA uptake are increased in insulin-resistant muscle.
Reduction of Fatty Acid Oxidative Capacity in Muscle Cells
Muscle oxidative capacity and, more specifically, the ability of muscle to oxidize FA appear to be good predictors of insulin sensitivity. Consistent with this suggestion, several groups have demonstrated that mitochondrial content, mitochondrial function, and oxidative capacity are reduced in obese people with insulin resistance, T2DM, or both. [41] [42] [43] In fact, in people with diabetes, skeletal muscle oxidative capacity appears to be a better predictor of insulin sensitivity than either intracellular TG content or LC-CoA content. 41, 44 This finding suggests that the reduced oxidative capacity observed in people with obesity, T2DM, or both, may play a role in the development of insulin resistance. In line with the important role of skeletal muscle in the development of insulin resistance, evidence has shown that the reduction in whole-body FA oxidation observed in people with obesity, T2DM, or both, is attributable to metabolic defects at the muscle level. Indeed, low FA oxidation rates have been measured in primary myocytes isolated from obese subjects with insulin resistance and T2DM, 45 in rectus abdominis muscle strips isolated from subjects with obesity, 46 and in muscle homogenates isolated from subjects with obesity. 47 These data show that the metabolic abnormalities observed at the wholebody level are inherent to the muscle cell. Furthermore, a recent report that mitochondrial density is lower in insulin-resistant muscle of children of people with T2DM suggests that reduced oxidative capacity may represent an early factor in the development of insulin resistance and that low oxidative capacity may be an inherited defect in these people. 48 This conclusion is supported by the fact that rates of FA oxidation at rest have been shown to remain low in people who were formerly obese. 49, 50 Acetoacetate and ␤-hydroxybutyrate or ketone bodies are generally classified as freely soluble circulating lipid fuels, 51 and they arise from partial hepatic FA oxidation. Circulating ketone body levels can be quite high in people with obesity and T2DM, reaching values that are 10 times higher than those in people who are healthy. 52 Muscle FA oxidative capacity does not directly contribute to the production of ketone bodies by the liver. However, the reduction in FA oxidation usually observed in the muscle of people with obesity, T2DM, or both, may indirectly affect circulating ketone body levels by elevating circulating FA levels and thereby increasing the rate of ketone body production by the liver. Ultimately, however, even when circulating ketone body levels are high, the contribution of this lipid fuel to muscle oxidative metabolism during rest or exercise remains below 5%. 53 Oxidative capacity is commonly assessed by measuring the content and activity of key mitochondrial enzymes. A number of studies have shown that the activities of carnitine palmitoyltransferase 1 (CPT1) and of other key mitochondrial enzymes, such as citrate synthase and ␤- 55 Together, these alterations lead to mitochondrial dysfunction. Mitochondrial dysfunction can be assessed by measuring electron transport chain activity in isolated mitochondria. With this method of measurement, it has been shown that electron transport chain activity is indeed lower in the muscle of people with obesity, T2DM, or both; this finding provides evidence for the existence of mitochondrial dysfunction with insulin resistance. 56,57 Mitochondrial dysfunction also has been measured in insulin-resistant muscle of children of people with T2DM, indicating that an impairment in mitochondrial oxidative capacity may be an inherited defect. 58 Mitochondrial dysfunction with insulin resistance also may be attributable to several other factors. It is well accepted that FA oxidation is regulated, in large part, by the capacity of the mitochondrion to carry FA across its membranes. Mitochondrial FA transport capacity, in turn, is dependent on several factors, including the functional activities of CPT1 and intracellular malonyl-CoA. 59 The importance of functional CPT1 activity to intracellular lipid accumulation was demonstrated by studies in which CPT1 activity was manipulated pharmacologically or genetically. In rats given etomoxir (a covalent inhibitor of CPT1) for 4 weeks, intracellular lipid content increased and insulin-stimulated glucose uptake and metabolism decreased. 60 Conversely, the overexpression of CPT1 in specific muscles through in vivo electrotransfer of a human CPT1-complementary DNA fragment was associated with increases in CPT1 activity and FA oxidation in both isolated mitochondria and muscle strips and with a decrease in intracellular lipid accumulation in muscle strips. 61 These data agree with the data on oxidative capacity and insulin resistance in human subjects and demonstrate the importance of CPT1 expression for the regulation of FA oxidation and lipid accumulation and, ultimately, for the development of insulin resistance in muscle. 61 Intracellular malonyl-CoA is also an important factor in the regulation of FA oxidation because malonyl-CoA is a potent inhibitor of CPT1 activity. 62 Thus, in healthy muscle, malonylCoA levels are associated with reciprocal changes in FA oxidation. 63, 64 Because malonyl-CoA levels increase under conditions of hyperglycemia, hyperinsulinemia, or both, 65,66 and because hyperglycemia and hyperinsulinemia typically are present with insulin resistance, it has been suggested that the reduction in muscle FA oxidation observed in people with these conditions may be attributable to high malonyl-CoA levels. Indeed, when the metabolic profile of insulin resistance was simulated by inducing physiological hyperglycemia (ϳ150 mg/dL) with hyperinsulinemia (ϳ35 U/mL) in lean subjects, FA oxidation across the leg and at the whole-body level was inhibited and was associated with a significant increase in muscle malonylCoA levels, a normal metabolic response to an increase in the carbohydrate load. 66,67 However, it was recently shown that the increases in muscle malonyl-CoA levels observed with the levels of hyperglycemia and hyperinsulinemia seen in people with T2DM were similar in lean people and people with T2DM, casting some doubt on the importance of this cellular factor as the mechanism for the lower rates of FA oxidation in people with T2DM. 68 Thus, these data show that although both healthy muscle and insulin-resistant muscle react normally to hyperglycemic and hyperinsulinemic challenges, only healthy muscle is able to decrease FA oxidation under these conditions. To explain this difference, we suggest 2 possibilities. First, it is possible that the increase in muscle malonyl-CoA levels is not a critical factor regulating the consequent decrease in FA oxidation. Alternatively, it is possible that insulinresistant muscle is less sensitive to a decrease in malonyl-CoA levels and, thus, that FA oxidation is not decreased adequately.
It also has been suggested that the content of the FA transporter protein CD36 in mitochondrial membranes may play a role in the regulation of FA oxidation. 69 -71 As explained above, CD36 is an FA transporter protein whose function is to carry long-chain FAs across membranes. Thus, it can be hypothesized that a higher mitochondrial CD36 protein content may be associated with higher rates of FA oxidation. In line with this hypothesis, mitochondrial CD36 content was found to be higher in exercised muscle than in resting muscle, and mitochondrial CD36 content was correlated with mitochondrial FA oxidation. 71 Most importantly, specific inhibition of CD36 decreased mitochondrial FA oxidation, indicating the importance of this protein in the regulation of FA oxidation. Thus, the data suggest that changes in FA oxidation may be attributable, in part, to alterations in mitochondrial FA transport capacity through CD36 translocation. If this hypothesis is correct, low CD36 content in mitochondrial membranes, defects in the ability of muscle to translocate CD36 to mitochondrial membranes, or both, may be important factors regulating low FA oxidative capacity with insulin resistance.
Only one study has been published on this topic and, contrary to expectations, mitochondrial CD36 content was not reduced in people with obesity. 43 Thus, it is not clear whether mitochondrial FA transport through CD36 translocation is affected by insulin resistance.
Exercise and Insulin Resistance
So far, we have mentioned several factors that are inherent to skeletal muscle and that may play important roles in the development of insulin resistance. Among the factors that are at least partially determined genetically are a decreased ability to oxidize FA and an increased capacity to take up FA into muscle cells. Both of these factors, individually or together, can lead to a mismatch between rates of FA uptake and rates of FA oxidation, which appears to be causal to the accumulation of intracellular lipid intermediates that is observed with insulin resistance (Fig. 2) . Conversely, there is good reason to believe that changes in lifestyle that include decreased physical activity and increased energy intake have contributed to the increased prevalence of obesity and T2DM. For people who have inherited genetic tendencies that promote the development of insulin resistance and for people who have adopted a lifestyle that promotes weight gain, the best strategy for better metabolic management is to include physical activity in their daily lives. 72,73 Indeed, it was shown that a modest increase in energy output (brisk walking, 150 min/wk) along with a modest decrease in energy intake (ϳ1,883 kJ [450 kcal]) was more effective than drug therapy in preventing or delaying the development of insulin resistance and cardiovascular complications in people with obesity, T2DM, or both. 72, 74 Furthermore, it was shown that an improvement in insulin sensitivity could be measured for several hours and up to a few days after a single session of exercise in both people who are healthy and people with obesity and T2DM. 75, 76 Conversely, a few days without exercise could significantly decrease insulin sensitivity. 77 In accordance with this evidence, the American Diabetes Association and the American College of Sports Medicine have made recommendations regarding physical activity, which include moderate-intensity aerobic physical activity for at least 150 min/wk or vigorous aerobic exercise for at least 90 min/wk. 78,79 It also is recommended that people exercise at least 3 d/wk, with no more than 2 consecutive days without physical activity. 78,79 Thus, physical activity, even if it is of shorter duration, is considered to be a critical component of any treatment modality, which may also include mild to moderate caloric restriction for people with obesity, T2DM, or both. Although the value of regular physical activity as a treatment modality is unquestioned, the exercise-induced cellular mechanisms that lead to an improvement in insulin sensitivity and metabolic function have not been clearly defined.
Exercise, Lipid Metabolism, and Intramuscular Lipid Intermediates
In contrast to the inverse relationship generally observed between intramuscular TG levels and insulin sensitivity in lean people, people with obesity, and people with T2DM who do not exercise, people who regularly exercise have paradoxically been shown to have high insulin sensitivity despite elevated intramuscular TG levels. 80 Schematic of mismatch between fatty acid (FA) uptake and FA oxidation with insulin resistance. In healthy muscle, the rate of FA uptake equals the rate of FA oxidation, leading to an equilibrium in the concentrations of lipid intermediates. In insulinresistant muscle, the rate of FA uptake is higher and the rate of FA oxidation is lower, leading to an accumulation of lipid intermediates. After an exercise training program, the rate of FA oxidation increases in insulin-resistant muscle, leading to a new equilibrium. A horizontal arrow indicates that one physiological parameter leads to another. The size and boldness of the arrow indicate the level at which the action occurs. An up arrow indicates that the level of the physiological variable is increased because of an imbalance in the rates of the physiological processes leading into and out of the box.
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been observed not only in trained versus untrained people but also in previously untrained people after a 3-month training program. 82 This observation suggests that high intramuscular TG levels may be a positive metabolic adaptation of regular physical activity.
In line with this notion, it has been suggested that higher intramuscular TG levels are beneficial because higher levels stimulate the use of intramuscular TG as an oxidizable fuel source. 83 In fact, evidence has suggested that exercise may stimulate TG synthesis in muscle and reduce the accumulation of other, more labile lipid intermediates, such as ceramides and DAG. 84 Evidence collected in animal studies has suggested that the stimulatory effects of regular exercise on muscle TG synthesis in oxidative fibers may occur, under some conditions, through an increase in the expression of a transcription factor, sterol regulatory element-binding protein 1c (SREBP1c), and of lipogenic enzymes, such as FA synthase, acetyl-CoA carboxylase, and diacylglycerol acyltransferase 1. 85, 86 Because results of studies of the effects of insulin on SREBP-1c have not been consistent across experimental protocols, it is not clear whether the expected stimulatory effects of insulin on SREBP-1c expression and lipogenesis would be affected by obesity or T2DM. [87] [88] [89] Nevertheless, in vivo evidence has suggested that there are upper limits to intramuscular TG accumulation above which healthy metabolic responses are compromised. 90 Thus, when intramuscular TG levels are extremely high before a training program is initiated, regular exercise appears to improve insulin sensitivity and to reduce TG levels. 91 Ultimately, these data suggest that whether or not a decrease in intramuscular TG levels will be measured after a training regimen is dependent on the intramuscular TG levels before training.
It is important to realize that intracellular TG depots are largely inert and, in this sense, are less damaging than more labile lipid intermediates, such as ceramides, LC-CoA, and DGs. Thus, the more important question regarding the effects of exercise on intramuscular lipid intermediates is whether intramuscular levels of ceramides, DGs, or both, are reduced by regular exercise. Very few studies have examined the effects of shortterm or regular exercise on the content of intracellular lipid intermediates, and the results have been conflicting. In line with the beneficial role of exercise in muscle insulin sensitivity, exercise training was shown to decrease intramuscular levels of DGs and ceramides in obese people. 12 Conversely, short-term exercise was found to increase rather than decrease ceramide levels in lean people. 92 Thus, whether changes in intracellular lipid accumulation are necessary to observe the beneficial role of short-term exercise, regular exercise, or both in muscle insulin sensitivity remains to be elucidated. However, regular physical activity is known to have other beneficial metabolic effects, including an increase in muscle oxidative capacity. Furthermore, as mentioned above, insulin resistance and intramuscular lipid accumulation are related to a mismatch between high rates of FA uptake and low rates of FA oxidation. Thus, it has been suggested that an exercise-induced increase in muscle oxidative capacity may be an important cellular mechanism through which regular exercise corrects the mismatch in FA kinetics and enhances the action of insulin in muscle.
Exercise and Fatty Acid Uptake
Short-term exercise has been shown to increase FA uptake across the working muscle in both isolated muscle preparations 27,93 and exercising people. 94 Thus, in subjects bicycling for 1 hour or performing 3 hours of knee extension resistance exercise, the level of FA uptake was higher during exercise than at rest and increased with exercise intensity up to 65% of maximal oxygen uptake. 93, 94 Because FA uptake is mediated by FA transporter proteins located at the plasma membrane, an increase in FA uptake should be accompanied by an increase in the content of CD36, FABP PM , or both, in the plasma membrane; this feature may be accompanied by changes in the total messenger RNA (mRNA) content or protein content of the FA transporter proteins, or both. In animal studies, evidence has shown that the plasma membrane content of CD36 increases with muscle contractions. 35, 95 However, in contrast to that of CD36, the plasma membrane content of FABP PM has been shown to remain unchanged after 75 minutes of running at moderate intensity. 96 In human subjects, 1 hour of cycling exercise at moderate intensity did not change the mRNA or protein content of FABP PM or CD36. 97 However, prolonged knee extension resistance exercise was shown to increase the mRNA content of CD36 and FABP PM in both trained and untrained subjects. 34 The effects of exercise training on the mRNA and protein expression of CD36 and FABP PM in muscle also have been studied. In a cross-sectional study, FABP PM mRNA and protein levels were found to be higher in trained subjects than in untrained subjects. 34 When subjects were trained with 3 weeks of intense one-legged endurance exercise, the FABP PM protein content was found to be higher in trained muscle than in untrained muscle. 98 However, 9 days of cycling exercise at moderate intensity for 1 hour did not change the FABP PM mRNA or protein content. 97 Conversely, this same training regimen was found to increase CD36 mRNA and protein levels. 97 Together, these results show that careful attention will need to be paid to differences in exercise intensity and duration before any consensus on the cellular mechanisms regulating an exercise-induced increase in FA uptake can be reached. Furthermore, the effects of short-term or regular exercise on FA uptake and translocation of FABP PM , CD36, or both, to the plasma membrane have not been studied in insulin-resistant muscle. However, because the level of FA uptake and plasma membrane FA transporter protein content have been shown to be higher in insulinresistant muscle, it is possible that the stimulatory effects of exercise on FA uptake and FA transporter protein translocation will be diminished in people with obesity, T2DM, or both. Furthermore, as mentioned above, FA uptake also is dependent on the plasma FA concentration (ie, availability) 52 and thus, indirectly, on adipose tissue lipolysis. Because some studies have shown that regular exercise in subjects with obesity decreases the rate of basal adipose tissue lipolysis, it has been suggested that reduced plasma FA availability may be an important factor contributing to the accompanying improvement in insulin sensitivity. 28 Alternatively, other studies have shown that regular exercise in subjects with obesity counteracts the decrease in adipose tissue lipolysis that often accompanies weight loss and thus helps in maintaining higher rates of FA oxidation. 99 In line with this notion, it is possible that the wellknown stimulatory effect of exercise on oxidative capacity may be the most beneficial adaptation for insulin-resistant muscle because it will increase FA oxidation rates and correct the imbalance between FA uptake and FA oxidation.
Exercise and Fatty Acid Oxidative Capacity
Rates of FA oxidation can increase 3-to 10-fold from resting values during exercise at mild to moderate intensity (commonly defined as exercise at 25%-65% of maximal oxygen consumption [VO 2 max]). 100,101 As described above, insulin-resistant muscle is characterized by a reduction in oxidative capacity that is associated with lower rates of FA oxidation. This reduction in the ability of the muscle to use FA as oxidizable fuel extends to exercise conditions. Thus, FA oxidation has been shown to be impaired during exercise in people with obesity. 49,50 When subjects with T2DM were compared with subjects with obesity and without diabetes and matched for fitness, rates of FA oxidation during submaximal exercise were found to be lower in the subjects with T2DM. 102 Furthermore, rates of FA oxidation during submaximal exercise were found to be lower in patients who had undergone gastric bypass surgery that resulted in significant weight loss (ϳ50 kg), in subjects who were formerly obese than in weight-matched control subjects, and in subjects with glucose intolerance. 49,50,103,104 These results emphasize the role of genetic defects in FA oxidative capacity and in the development of insulin resistance. 103, 104 After exercise training, the relative contribution of FA oxidation to total fuel demand increases in subjects who are healthy and performing moderate-intensity exercise. Data from cross-sectional 93,105 and longitudinal 94,106 -108 studies have supported the notion that training reduces the reliance on carbohydrates as an energy source, thereby increasing FA oxidation during submaximal exercise. More importantly, the increased reliance on FA as a fuel source after exercise training has been observed in people with insulin resistance. 109 Thus, an increase in FA oxidation rates during exercise may be critically important in eliminating the mismatch between FA uptake and FA oxidation that characterizes insulin-resistant muscle. In fact, an increase in oxidative capacity and an improvement in insulin sensitivity are highly correlated when people undergo a rigorous exercise training program. 110 Because factors such as mitochondrial FA transport capacity through CD36 translocation, CPT1 activity, and mitochondrial oxidative capacity are known to play a role in the regulation of FA oxidation in muscle, training-induced changes in these parameters are usually recorded to determine their relative effects on training-induced alterations in FA oxidation. One of the key adaptations that takes place in skeletal muscle after training is an increase in the activity of the enzymes of the tricarboxylic acid cycle, the electron transport chain, and the ␤-oxidative pathway (necessary for FA oxidation).
In subjects who are healthy, 7 to 12 weeks of endurance training resulted in an increase in FA oxidation that was associated with an increase in the protein content of several enzymes, including the ␤-oxidative enzymes short-chain, medium-chain, and very long-chain acyl-CoA dehydrogenases and the tricarboxylic acid cycle enzyme citrate synthase. 108,111 However, training effects have been measured with much shorter exercise programs. Seven sessions of high-intensity interval training over 2 weeks induced marked increases in whole-body and skeletal muscle capacity for FA oxidation during moderate-intensity exercise in moderately active women. 112 Similarly, 9 days of cycling exercise at moderate intensity for 1 hour increased FA oxidation during exercise, and this effect was accompanied by an increase in CPT1 mRNA expression. 97 In subjects who were Skeletal Muscle Insulin Resistance sedentary and overweight or obese and who participated in a 4-month exercise training program that resulted in significant weight loss, the improvement in insulin sensitivity was accompanied by increases in oxidative enzyme activity and in mitochondrial functional capacity in muscle. 113 After a training program of moderate-intensity exercise for a shorter duration (2 months), the improvement in glucose tolerance and metabolic function observed in subjects with obesity was accompanied by increases in mitochondrial FA oxidation and in CPT1 activity. 12 More recent data have shown that multiple sessions of high-intensity exercise are better than a single, longer session of low-intensity exercise at improving blood glucose homeostasis in subjects with T2DM. 114 Together, these results reinforce the notion that oxidative capacity is a critical factor that defines insulin sensitivity in muscle.
The effects of short-term or regular exercise on basal malonyl-CoA levels in the skeletal muscle of people who are healthy and people with obesity have not been studied extensively because it is difficult to accurately measure changes in malonyl-CoA levels in human muscle with the present technology. However, studies 114,115 have shown that malonylCoA levels decrease during exercise and that basal malonyl-CoA levels are reduced after 12 weeks of exercise training. Because of the inverse relationship between malonyl-CoA levels and FA oxidation, lower malonylCoA levels are associated with higher rates of FA oxidation. These results suggest that a reduction in basal malonyl-CoA levels may be one of the cellular mechanisms through which regular exercise increases FA oxidation (Fig. 3) . Interestingly, regular exercise has been shown to increase the association of CD36 with CPT1, suggesting that the translocation of CD36 to mitochondrial membranes may help in regulating the increase in FA oxidation. 116 Combined with the beneficial effects of exercise training on oxidative capacity and malonyl-CoA levels, these results on the effects of regular physical activity on mitochondrial CD36 content suggest that all 3 factors may play important roles in raising the FA oxidative capacity of insulin-resistant muscle so that the mismatch between FA uptake and FA oxidation is corrected.
Effects of Exercise on Glucose Metabolism
In 1966, Bergström and Hultman, who were already aware, from the work of others, that exercise decreased blood glucose concentrations and decreased the insulin requirement of people with diabetes, performed procedures to determine whether exercise would affect the rate of glycogen accumulation in skeletal muscle. 117 Because there was a suggestion at the time that exercise released a blood-borne factor that stimulated glucose clearance from the bloodstream, Bergström and Hultman 118 examined onelegged cycling performed until exhaustion so that the nonexercised leg could be used as a control. Immediately after exercise and each day for 3 days, quadriceps muscle biopsies were taken, and the glycogen content of the muscle was determined. Exercise depleted glycogen, but glycogen was completely replenished in the exercised leg by 1 day after exercise and, by 3 days after exercise, the glycogen content was twice that in the control leg (Fig. 4) . Because the glycogen levels in the unexercised leg were essentially un- Fatty acid (FA) uptake into skeletal muscle leads to accumulation or oxidation. Longchain fatty acids (LCFA) are taken up into muscle cells through fatty acid transporters, including FABP PM and CD36. Once in the cell cytosol, FA are linked to coenzyme A (CoA), forming long-chain fatty acyl CoA (LCFA-CoA) molecules. The LCFA-CoA molecules may accumulate in the cytosol or serve as precursors for intracellular triacylglycerols (TG), diacylglycerols (DG), or ceramides, the accumulation of which is associated with insulin resistance. Alternatively, the LCFA-CoA molecules can be transported across mitochondrial membranes through the carnitine shuttle, which includes the enzyme carnitine palmitoyltransferase 1 (CPT1). The latter enzyme is potently inhibited (shown by the line with a rounded terminus) by malonyl coenzyme A (malonyl-CoA), the concentration of which is increased under many conditions, leading to insulin resistance, but decreased with exercise. 183, 184 changed over the 3 days, the authors attributed the results to some effect within the exercised muscle-either an increase in glucose uptake or a direct stimulation of glycogen synthesis.
What was the underlying mechanism for the increased glycogen accumulation after exercise, as observed by Bergström and Hultman 118 and later confirmed by others (see Holloszy et al 119 for a discussion)? To answer this question, we discuss the effects of exercise on glucose metabolism during exercise, directly after exercise, and in the period from a few hours after exercise up to a few days after exercise. We generally confine our discussion to the effects of a single session of exercise on glucose metabolism, although it is clear that there is an additional effect of exercise training, that of increasing the action of insulin, which is independent of the effects of short-term exercise on insulin sensitivity. 77, 120 Long-term exercise training effects that increase the action of insulin are likely to include increased mitochondrial capacity, correction of a mismatch between FA uptake and FA oxidation, or both (as discussed above), but also may include increased activity, amount, or both, of key insulin signaling proteins, as discussed in a recent review by Hawley and Lessard. 121 
Exercise Stimulates Glucose Transport
Leg glucose uptake increases up to 20-fold during exercise in humans. 122 The exercise-stimulated increases in leg glucose utilization 123 and in the translocation of GLUT4 to the skeletal muscle cell membrane 124 occur in people who are healthy and in patients with non-insulin-dependent diabetes. Likewise, whole-body glucose disposal increases during cycling exercise at 60% ofVO 2 max in people who are healthy and in patients with T2DM. 123 The increases in glucose transport into exercised muscle are transient, however.
For example, in subjects with obesity (with and without T2DM), leg glucose uptake increased during cycling exercise (60% ofVO 2 max) but returned to baseline values within about 0.5 hour of the end of exercise. 125 Multiple factors in working skeletal muscle may be responsible for the insulin-dependent localization of GLUT4 at the cell membrane that underlies increased glucose transport during muscle contractions. 126, 127 A few of the leading candidates include increases in the cytosolic concentrations of calcium ions (Ca 2ϩ ) and nitric oxide (NO), both of which have been found to be sufficient to stimulate glucose transport in muscle. In addition, a substantial increase in blood flow to working muscle during exercise contributes to glucose uptake in contracting muscle by boosting glucose availability to the muscle. 128 Another factor that may be at least partially responsible for exercisestimulated glucose transport is an increase in the ratio of adenosine monophosphate (AMP) to adenosine triphosphate (ATP). As ATP is hydrolyzed in working muscle (ATP3 ADPϩinorganic phosphate), an increase in the ADP level provides a substrate for a reaction that replenishes ATP but also produces AMP. The increase in the AMP/ATP ratio Increase in glycogen accumulation after exercise. Glycogen was assessed in quadriceps muscle biopsies from both legs of each of 2 subjects after one-legged cycling exercise to exhaustion. Glycogen content is shown for exercised (solid lines) and control (dashed lines) legs. Reprinted with permission from Bergström J, Hultman E. Muscle glycogen synthesis after exercise: an enhancing factor localized to the muscle cells in man. Nature. 1966;210:309 -310. Copyright 1966, Macmillan Publishers Ltd.
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appears to work through the activation of a protein called AMPactivated protein kinase (AMPK) to stimulate glucose transport. 63,129 -132 5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR), a chemical that can be taken up by cells and converted to an AMP analog, 133 also stimulates glucose transport in the skeletal muscle of rodents 63,129 and humans. 134, 135 Although the activation of AMPK is sufficient to stimulate glucose transport, it appears from work with transgenic mice expressing inactive forms of AMPK or not expressing AMPK at all that AMPK is only partially necessary or is not required for the stimulation of glucose transport by muscle contractions. 129, 131, 136 Most likely, AMPK stimulates glucose transport by inhibiting a protein called AS160, which generally prevents the distribution of GLUT4 to the cell membrane. Intriguingly, multiple signals that stimulate glucose transport (such as exercise, AICAR, and insulin) have in common the inhibition of AS160. 137, 138 Glycogen Synthase Activity Is Increased After Exercise The insulin-dependent stimulation of glucose transport by exercise is transient; thus, it cannot explain the tremendous increase in muscle glycogen content that occurs after exercise. Interestingly, the activity of glycogen synthase (the rate-limiting enzyme in the formation of glycogen once glucose has entered the cell) is increased after cycling exercise in subjects who are healthy, 139, 140 in subjects with obesity and without diabetes, 141 and in subjects with diabetes. 141 This increase in glycogen synthase activity after exercise may be attributable, in part, to the decreased glycogen content of the exercised muscle, because there is an inverse relationship between the amount of glycogen in skeletal muscle and the activity of glycogen synthase. 140 Glycogen synthase activity remains elevated after exercise (compared with the resting condition) for 48 hours. 142 It has been suggested that a high level of glycogen synthase activity may itself be sufficient to promote increased glycogen synthesis, 143 and this idea has been developed with regard to increased glycogen accumulation after exercise in a review by Christ-Roberts and Mandarino. 144 
Exercise Increases Insulin Sensitivity
The most important factor driving increased glucose disposal in skeletal muscle after a single session of exercise is a remarkable increase in insulin sensitivity, or an increase in the effectiveness of a given, submaximal (ie, physiological) concentration of insulin in stimulating glucose transport. Richter et al 145 discovered a 2-fold increase in glucose transport stimulated by physiological insulin concentrations in perfused hind limbs of rats after treadmill running compared with that in resting rats. This astounding increase in insulin sensitivity after exercise was later confirmed in humans by Richter et al, 146 who found a 2-fold increase in glucose uptake in response to low physiological insulin concentrations 4 hours after one-legged exercise in the exercised leg compared with the rested leg. That study by Richter et al was critical in establishing the site of increased action of insulin (ie, the exercised muscle), and the results were found to be reproducible 147 (Fig. 5) . However, it had been shown earlier that at 12 hours after glycogen-depleting exercise, wholebody insulin-stimulated glucose disposal was increased slightly (compared with the resting control condition). 140 Similarly, insulin sensi-
Figure 5.
Leg insulin-stimulated glucose clearance is increased 4 hours after exercise. Four hours after one-legged cycling for 1 hour, leg glucose clearance (XϮSE, nϭ7) was measured for rested (closed circles) and exercised (open circles) legs before (time 0), during (7-120 minutes), and after the infusion of insulin. Arterial insulin concentrations reached a plateau at ϳ100 U/mL by 15 minutes and returned to baseline values within 30 minutes after the cessation of the insulin infusion. During the insulin infusion, total glucose clearance was nearly 2-fold higher in the exercised leg than in the control leg (PϽ.005). Blood flow was similar at 0 minutes in the control and exercised legs but was slightly higher in the exercised leg than in the control leg during the insulin infusion (50Ϯ2 versus 42Ϯ3 mL/min/kg of muscle; PϽ.05). tivity (determined by using the concentration of insulin to obtain half of the maximal whole-body insulinstimulated glucose disposal rate) was improved immediately after 60 minutes of cycling exercise in untrained men and remained elevated for 48 hours. 142 The increase in insulin sensitivity in exercised muscle of humans reported by Richter et al 146 was found in young men who were healthy and performed one-legged exercise for 1 hour at 75% of their one-legged work capacity. A variety of study designs have shown that increased insulin sensitivity also occurs in populations most likely to derive health benefits (eg, people with obesity, insulin resistance, or both) and after exercise of lesser intensity and duration. Cycling exercise sufficient to deplete glycogen led to increased insulinstimulated nonoxidative glucose disposal when measured 12 hours later in men with non-insulin-dependent diabetes. 76 Forty-five minutes of exercise at 65% of VO 2 max on a stairclimbing machine increased wholebody glucose disposal by greater than 20% and skeletal muscle glycogen synthesis by more than 60% when measured 48 hours after exercise in control subjects and subjects who were insulin-resistant. 148 Insulin-stimulated glucose clearance was found to be increased (compared with the resting condition) 1 hour after treadmill exercise for 1 hour at an intensity that kept the heart rate at 150 to 160 beats per minute in subjects who were obese and did not have diabetes and in subjects who were obese and had diabetes. 149 Interestingly, the intensity and duration of exercise were not sufficient to increase the action of insulin in lean control subjects. 149 Similarly, a cycling exercise for 12 minutes (7 minutes at 60% ofVO 2 max, 3 minutes at 100% ofVO 2 max, and 2 minutes at 110% ofVO 2 max) was sufficient to increase whole-body glucose disposal 24 hours after exercise in subjects with non-insulin-dependent diabetes but not in subjects who were healthy. 150 Exercise training (ie, many exercise sessions over days, weeks, or months) provides the benefit of repeated increases in insulindependent glucose disposal (during and for a short time after exercise) and repeated periods of insulin sensitivity after exercise. However, an additional advantage of exercise training is that it increases the action of insulin even beyond what occurs after a single session of exercise. Because increases in the action of insulin after exercise are prolonged (up to 48 hours), measurements of the action of insulin would need to be obtained more than 2 days after the last exercise session of the training to make certain that improvements in the action of insulin were not attributable to the effects of a single session of exercise. In an example of a study designed to avoid the potential confounding effect of the last training session on the action of insulin (as opposed to a long-term training effect), DiPietro et al 120 waited until 72 hours after the last exercise session of a 9-month endurance training program for previously inactive 73-year-old women to assess the action of insulin. Three days after the training had ceased, there was still a 20% increase in insulin-stimulated glucose disposal (compared with the pretraining measurement).
Dela et al 77 demonstrated a training effect on insulin sensitivity. Their subjects performed one-legged cycling training (6 d/wk for 10 weeks, 30 min/d at 70% ofVO 2 max), and leg glucose uptake was assessed 16 hours after the last exercise session. The subjects stopped training, and after 6 days, they performed one-legged exercise with the untrained leg. Comparing insulin-stimulated glucose uptake in the untrained leg after rest and 16 hours after a single session of exercise allowed the determination that the effect of exercise on the action of insulin at the intensity and duration used for these subjects had worn off by 16 hours after exercise. However, despite this finding, glucose uptake stimulated by a physiological concentration of insulin in the trained leg (16 hours after the last exercise session) was about 30% higher than that in the untrained leg (either with or without prior exercise). The use of the one-legged exercise model allowed the determination that the effect of training on insulin sensitivity was a local effect in the trained leg (versus the untrained leg) as opposed to a systemic effect (such as a reduction in adiposity).
Potential Mechanisms for Insulin Sensitivity After Exercise
Several candidate mediators of insulin sensitivity after exercise have been suggested. 151,152 For example, Wojtaszewski et al 151 made a strong case that some factor brought about by a decrease in glycogen concentrations may be responsible for increased insulin sensitivity, and they cited numerous examples of the inverse relationship between muscle glycogen content and the action of insulin. Certainly, increased skeletal muscle GLUT4 protein content by 3 hours, 153 8 hours, 154 or 1 day 154 after exercise would contribute to the increased action of insulin. However, this increase in GLUT4 content is not necessarily apparent a few hours after exercise, when robust insulin sensitivity is already observable, 147 and the prevention of protein synthesis after exercise (and thus the prevention of an increase in GLUT4 content) does not prevent the increased action of insulin. 155 The activation of p38 mitogen-activated protein kinase (p38) (which is activated during exercise) is sufficient to increase insulin sensitivity in skeletal muscle. 156 However, chemical inhibition of p38 does not prevent insulin sensitivity after exercise. 156 SimiSkeletal Muscle Insulin Resistance larly, the activation of AMPK is sufficient to increase the action of insulin, 155, [157] [158] [159] although it is unknown whether AMPK activation is required for the exercise-related enhancement of insulin sensitivity. The phosphorylation of AS160 remains increased for several hours after exercise in rats 160 and humans, 161 and perhaps this prolonged phosphorylation of AS160 mediates the increased action of insulin after exercise.
It seems likely that there are redundant mechanisms for the increased action of insulin after exercise. For example, it has been suggested that any stimulus that increases GLUT4 translocation will lead to an increase in the action of insulin a few hours later. 162 Thus, changes in muscle during exercise, such as increased Ca 2ϩ levels, activation of AMPK, and increased NO levels (all of which are sufficient to stimulate GLUT4 translocation), may be mediators of the increased action of insulin after exercise. On the other hand, the increased action of insulin after exercise may simply be a result of increased FA oxidation. This notion is consistent with recent findings in cultured myotubes and animal muscle, which showed an increased action of insulin under conditions of increased fat oxidation. [163] [164] [165] [166] Relevance to Clinical Practice Aerobic exercise has been the subject of most studies examining the link between exercise and the improved action of insulin. However, because clinicians often recommend progressive resistance exercise and eccentric exercise training for their patients, it is important to delve into the effects of these types of exercise on insulin resistance.
A thread of the discussion in this review is that increases in mitochondrial function subsequent to endurance exercise may play a role in reducing insulin resistance in patients with diabetes. For example, subjects with diabetes showed increases in citrate synthase (a mitochondrial enzyme of the Krebs cycle) activity, NADH oxidase (a mitochondrial enzyme in the electron transport chain) activity, and mitochondrial density after 4 months of aerobic training, and the changes in these measurements were highly correlated with an increase in insulinstimulated glucose disposal. 167 In contrast, increases in mitochondrial density are not thought to be likely to occur as a result of heavy resistance training in young people who are healthy. 168 On the other hand, it has been shown that in elderly subjects, resistance training results in a substantial increase in the oxidative capacity of skeletal muscle. 169 Thus, it seems possible that resistance exercise may increase mitochondrial function in people with impaired mitochondrial activity, such as elderly people 169 or potentially even people with diabetes. More work needs to be done in this area.
Findings regarding an effect of shortterm resistance exercise on the action of insulin seem promising but are far from conclusive. In one study, 170 a single session of resistance exercise actually caused a decrease in the glucose infusion rate during an insulin clamp 24 hours after exercise, although there was no such decrease (but also no increase) in the action of insulin when the subjects exercised 3 times over 1 week. On the other hand, resistance exercise (3 sets of the 10-repetition maximum [RM] of upper-and lowerbody exercises) reduced the glucose area under the curve by 15% (compared with a control measurement without previous exercise) during an oral glucose tolerance test that was given 6 hours after exercise. 171 Similarly, resistance exercise (8 sets, 10 repetitions, 75% of 1 RM; leg press and leg extension) led to a 13% higher (compared with a control measurement without previous exercise) calculated glucose disappearance rate after an intravenous insulin injection given 24 hours after exercise. 172 Of greatest relevance to the current review, a single session of resistance exercise (3 sets, 8 -12 repetitions, 8 exercises) decreased the glucose area under the curve during an oral glucose tolerance test by about 12% (compared with the value without previous exercise) 24 hours after exercise in women with T2DM. 173 Long-term resistance exercise training appears to reduce insulin resistance. In middle-aged male subjects with obesity, some of whom had T2DM, 3 months of resistance exercise (3 d/wk, 12-15 repetitions per set, 60%-70% of 1 RM, with number of sets increased as fitness improved) led to a 24% increase in whole-body glucose disposal during a euglycemic-hyperinsulinemic clamp 48 to 72 hours after the last exercise session. 174 A 6-month resistance exercise training program (3 d/wk, 8 -12 repetitions, 80% of 1 RM) in elderly subjects who were overweight or obese led to improved whole-body glucose disposal during an insulin clamp 24 hours after the last exercise session. 175 In children with obesity, 8 weeks of resistance training (3 d/wk, 55%-65% of 1 RM) caused a 20% increase in the insulin clamp glucose infusion rate 48 hours after the last training session. 176 Circuit resistance training by subjects with impaired glucose tolerance (3 sets, 8 -10 repetitions per set, 50%-60% of 1 RM, 8 exercises involving large muscle groups, 3 d/wk) caused a 23% increase in insulin clamp glucose disposal 5 to 7 days after the final exercise session. 177 Finally, there was a 48% increase in the glucose disposal rate during a euglycemic-insulinemic clamp after a training program that included many repetitions with light loads (2 sets, 10 -20 repetitions, 40%-50% of 1 RM, 9 exercises, 5 d/wk) for sub-jects with T2DM. 178 (Also see the article in this issue by Gulve 179 on the implications of pharmacology and exercise in people with diabetes.)
Clinicians should take special note that eccentric exercise actually has negative effects on the action of insulin. For example, 30 minutes of downhill running caused muscle soreness, an increased level of serum creatine kinase (a marker of muscle damage), and a 36% decline in insulin-stimulated glucose disposal 48 hours after exercise. 180 Likewise, 2 days after intense one-legged eccentric exercise (4 sets each of knee extension and flexion, 5 minutes per set, maximally resisting a machine-driven motion), a decline in muscle GLUT4 content and a 15% decrease in the glucose infusion rate during an insulin clamp were observed. 181 The intensity of eccentric exercise used in clinical practice would be unlikely to cause such deleterious effects. However, this information provides a further basis for clinicians to caution patients performing eccentric exercise training to avoid muscle damage.
(Also see the article by Marcus et al 26 on effects of eccentric exercise in people with diabetes mellitus.)
Conclusion
A single session of exercise and exercise training powerfully regulate fat and glucose metabolism and result in an increased action of insulin. Although the mechanisms for the increased action of insulin after exercise are likely to be different for aerobic exercise and anaerobic exercise, it appears that both aerobic exercise and resistance exercise have the potential to improve the action of insulin in patients with T2DM. Clinicians can play a key role in educating patients about the value of both aerobic exercise and resistance exercise (in addition, of course, to the well-accepted role of dietary restriction in preventing insulin resistance 182 ) in the control of blood glucose concentrations. 
